The (S)-(+)-decursin and its analogues are reported as potent inhibitors of melanin production in B16 murine melanoma cells. In order to understand the factors responsible for potency as well as inhibition of potency of (S)-(+)-decursin and its analogues, three-dimensional quantitative structure-activity relationship (3D-QSAR) studies were performed. Since receptor structures are not available, a pharmacophore model was constructed. Using PHASE, we generated 3 different models and selected the seven-site model, which returned excellent statistical values (r 2 = 0.9127, Q 2 = 0.6878, Pearson-R = 0.9014). Using the generated pharmacophore model, we screened a natural products library and obtained 4'-epi-decursin as the most related compound. 4'-epidecursin is similar to (S)-(+)-decursin, but shows additional interaction possibilities with tyrosinase. The study thus sheds some light on possibility of developing more potent tyrosinase inhibitors.
Introduction
Melanosomes are intracellular membrane-bound organelles within which melanin's are synthesized and stored in specialized pigment cells, including melanocytes and retinal and iris pigment epithelial cells.
1 Melanin plays a very important role in protecting human skin from the noxious effects of sunlight, toxic drugs and various chemicals.
2 However, hyper-pigmentation of the skin is a common problem that is prevalent in middle aged and elderly people. It is caused by over production of melanin inside the body. Tyrosine enzyme is known to be the key enzyme in melanin production. 3, 19 Increased levels of melanin production known to cause diverse hyper-pigmentary disorders such as melasma, freckles, age sports and actinic damage, which result in the accumulation of increased levels of epidermal and dermal pigmentation. Thus therapeutic means for the treatment of dermatological disorders and the development of cosmetic whitening agent can be achieved by means of inhibition of abnormal deposition of melanin.
2,4-6
The (S)-(+)-decursin and its analogues are novel candidates for cancer treatment as well, which are isolated from Angelica gigasNakai plant and were known to exhibit wide range of biological properties. We reported that these analogues were found to be potent inhibitors of melanin production in B16 melanoma cells. In order to understand the factors affecting the activity of (S)-(+)-decursin as potent inhibitor of melanin production, three-dimensional-quantitative structure-activity relationship (3D-QSAR) studies were performed. 3D-QSAR methods have been developed to visually examine the steric and electrostatic fields surrounding binding sites. It requires three-dimensional structures to calculate energies. For this purpose, we used PHASE program of Schrödinger suite to generate pharmacophore models.
2,7
Materials and Methods Data Sets. A set of 33, (S)-(+)-decursin and its analogues as potent inhibitors of melanin formation, from our previously published work, was used for pharmacophore generation. In the previous work, the biological activities of these compounds were measured as inhibition rate at 100 μM and we converted these values to IC 50 assuming linear relation around the data points.
2 It is a reasonable assumption given that most of the measured inhibition rates hover about 50%. These converted values, along with their negative logarithms that were eventually used in our 3D-QSAR study, are tabulated in Table 1 .
Preparation of Ligands. Structures of the compounds were generated by 2D sketcher and LigPrep module of Schrödinger.
14 Conformers for each ligand were generated using Mixed MCMM/LMOD method with OPLS-2005 force field and implicit distance-dependent dielectric solvent model at cutoff root mean square deviation (RMSD) of 1 Å. For each molecule, conformers with the maximum energy difference of 30 kcal/mol relative to the global energy minimum conformer were obtained.
Generation of Common Pharmacophore Hypothesis. Common pharmacophore hypothesis (CPH) was generated using PHASE from Schrödinger. 16, 17 Pharmacophore features -hydrogen bond acceptor (A), hydrogen bond donor (D), hydrophobic group (H), and aromatic ring (R) -were defined by a set of chemical structure patterns by PHASE. PHASE assigns features one of the three possible geometries -point, vector, or group -which define physical characteristic of the site using SMARTS queries. Common pharmacophores were then identified from set of variants using tree-based partition algorithm with the maximum tree depth of 5. The final size of pharmacophore box, which governs the tolerance on matching, was 2 Å. Any pharmacophore in the group could ultimately become a CPH. These CPHs were examined using a scoring function to yield the best alignment of the active ligands.
7,8
Pharmacophore Screening. Common pharmacophore model was used to search for new inhibitors. Natural products (73,421 molecules) from ZINC chemical database were screened to find matches to our hypothesis. 18 Conformers were generated during search using ConfGen module. 15 We imposed the condition that all molecules must match on at least 7 site points with distance matching tolerance 1.0 Å, with other parameters in default setting.
Results and Discussion
Pharmacophore Model Development and Validation. Pharmacophore models containing five, six, and seven sites were generated using a terminal box size of 1 Å with 4 active molecules, belonging to (S)-(+)-decursin and its derivatives and selected using a tree based partition algorithm. The test set molecules were so selected as to cover a wide distribution of potencies, otherwise randomly. In Table 1 , the last column indicates which compounds belong to the test set. The five-and six-featured CPHs were rejected, as they were unable to define the complete binding space of the selected molecules. A total of 186 seven-featured CPHs belonging to 6 types (AAAAHHR, AAAHHRR, AAHHHRR, AAAAHHH, AAAHHHR, and AAAAHRR) were subjected to scoring function analysis with respect to actives using default parameters for site, vector, and volume. Reference ligand activity was included in the score with a weight of 3.21 from compound arbutin
9
. The hypotheses that survived the scoring process were used to build an atom-based QSAR model. A summary of statistical data of the best CPHs, labeled CPH1 to CPH5, with their results are listed in Table 2 .
CPH1 for each combination displayed consistent and satisfactory external predictivity as compared to the others. CPH1 showed a good r 2 value for the training set (0.9127) and excellent predictive power with q 2 of 0.6878. A good Pearson-R value of 0.9015 was also observed. Hence, the hypothesis CPH1 with four hydrogen bond acceptors (A), one hydrophobic group (H), and two aromatic rings (R) as pharmacophoric features was retained for further studies. Figure 1 shows the alignment of the molecules under study along with CPH1. Figure 2 shows the graph of actual vs. predicted activity for training and test set molecules. 7, 8 It should be noted that there are 2 compounds belonging to the training set with pIC value of 2.3 and their existence greatly enhanced r 2 value. Without these compounds, r 2 value turns out to be 0.5062. This shows that spread of activity in training sets is important.
Interpretation of QSAR Models. The QSAR results can best be visualized using 3D plots of crucial pharmacophore regions as in Figure 3 . The cubes that represent the model are colored according to the sign of their coefficient values. Blue cubes refer to positive coefficients, which correspond to increase in activity, whereas red cubes refer to negative coefficients indicating the same ligand feature substitution with decrease in activity. Carbonyl part of compound can interact with copper ion in tyrosinase as a hydrogen bond acceptor, and two aromatic rings might have a hydrophobic or π-π interaction with histidine residue or hydrophobic residue in active site. Ester group plays a key factor in forming hydrogen bond with one of residues of tyrosinase. Additional substitution of this group can help discover more potent inhibitors.
10,11
Pharmacophore Model Screening Results. Through the pharmacophore screening, 17 compounds were found and finally the most related compound ZINC08917974 was selected (Fig. 4) . It is known as 4'-epi-decursin, 13 one of Angelica gigasNakai extracts like (S)-(+)-decursin. There has been a report that this compound has anti-inflammatory potential.
12 From our analysis using the pharmacophore model, 4'-epi-decursin and its analogues can have additional interactions with tyrosinase and hence can be a platform for design of more potent inhibitors.
Conclusions
In this work, we have constructed a pharmacophore model for tyrosinase inhibitors with experimentally verified (S)-(+)-decursin and its analogues using PHASE from Schrödinger suite. The best hypothesis consisted of seven pharmacophoric features. It exhibited good r 2 (0.9127), q 2 (0.6878), and Pearson-R (0.9015) values. With this model, we performed pharmacophore screening on a natural products library and selected 4'-epi-decursin, which is similar to (S)-(+)-decursin. In fact, 4'-epi-decursin possesses additional interactions on top of all the interactions (S)-(+)-decursin shows. This means that further development along this line can yield more potent inhibitors of tyrosinase. Since there is no experimentally solved structure of human form of tyrosinase, it is not feasible to perform receptor based 3D-QSAR analysis or docking. However, it would be interesting see how docking to homology model of tyrosinase would compare to pharmacophore models. Currently, this line of work is being pursued in our laboratory.
